Germacrone (1) and (4S,5S)-germacrone-4,5-epoxide (2) were isolated, along with guaiane and secoguaiane-type sesquiterpenes, from Curcuma aromatica plants. Compound 2 was derived from 1 and cyclized through transannular (T-A) reactions into various guaiane and secoguaiane-type sesquiterpenes in C. aromatica. The cyclization reaction of 2 was initiated by protonation at an epoxide oxygen atom, followed by cleavage of the epoxide ring and the formation of a C-C bond between C-1 and C-5 to give guaiane-type derivatives. Acidic and thermal treatments of 2 produced twelve sesquiterpenes having guaiane and secoguaiane skeletons. The structures of these products were elucidated by spectral methods, including 2D-NMR spectroscopy. Most were identified as sesquiterpenes isolated from C. aromatica as natural products. The T-A cyclization of 2 occurred via two transition states, a cross conformation and a parallel conformation. The mechanism of the T-A cyclization reaction of 2 is discussed.
There are various polycyclic terpenoids in plants and microorganisms. The transannular (T-A) cyclization reaction of simple cyclic terpenoids makes a major contribution to the production of miscellaneous polycyclic terpenoids. The sesquiterpene group in particular has various carbocyclic skeletons, so the T-A cyclization reaction is very important in the biosynthesis of polycyclic sesquiterpenes. Germacrane-type derivatives having a ten-membered ring belong to a large group of sesquiterpenes and were considered as the key intermediates in the production of eudesmane, guaiane, secoguaiane, pseudoguaiane, elemane, elemophilane and vetispyrane-type sesquiterpenes. Many studies on the T-A cyclization reaction of medium-membered ring sesquiterpenes into polycyclic derivatives have been published [1, 2] . It was reported that germacrone-4,5-epoxide gave guaianetype sesquiterpenes, and germacrone-1,10-epoxide gave eudesmane-type sesquiterpenes via T-A cyclization [3, 4] . Germacrone (1) and (4S,5S)-germacrone-4,5-epoxide (2) were isolated as main constituents, along with many guaiane and secoguaiane-type sesquirerpenes from Curcuma zedoaria [5, 6] , C. aromatica [7, 8] and C. longa [9] . The cyclization and the T-A cyclization of terpenoids in living cells take place via proton attacks on either olefinic -bonds or epoxide oxygen atoms, as in the case of cyclization of squalene and squalene-oxide. The T-A cyclization for the formation of guaiane and secoguaiane-type sesquiterpenes in Curcuma plants should proceed through the key intermediate 2. We previously reported the biotransformation of the achiral substrate 1 into chiral guaiane, secoguaiane and eudesmane-type sesquiterpenes by suspension cultured cells of C. zedoaria [10] , Lonicera japonica [11] , Bupleurum falcatum [11] , Polygonum tinctorium [11] and Solidago altisima [11] . In this biotransformation, the chiral 2 must be a key intermediate derived from the achiral 1 by chiral epoxidation. Biotransformation of 2 by cultured plant cells [12] and microorganisms [13] was reported.
Ent-type sesquiterpenes, including (4R,5R)-2, having the same structure as those isolated from Curcuma species were obtained from Asarum caulescens Maxim [14] . These sesquiterpenes were thought to be biosynthesized from 2 in Curcuma plants and (4R,5R)-2 in A. caulescens. Some results on the conversion of 2 into guaiane-type compounds have been reported, but information is scarce [3, 12, 15] . Thus, we further studied the T-A cyclization of 2 into guaiane and secoguaiane-type derivatives under abiotic conditions, such as those caused by acidic and thermal treatments, and obtained many guaiane and secoguaiane-type sesquiterpenes, whose structures were determined by spectral methods, including 2D-NMR spectroscopy. Almost all of these compounds were natural products of the Curcuma plants. This paper describes the biomimetic T-A cyclization of 2 into guaiane and secoguaiane-type sesquiterpenes as a result of acidic and thermal treatments, and discusses the reaction mechanism involving two transition states, a cross conformation (cross relationship between the 4,5-epoxy ring and 1(10)-double bond) and a parallel conformation (parallel relationship between the 4,5-epoxy ring and 1(10)-double bond).
The substrate (4S,5S)-germacrone-4,5-epoxide (2) was isolated from fresh rhizomes of C. aromatica Salisb. (Zingiberaceae).
Treatment of 2 with acetic acid (AcOH) at 100°C for 1 h produced 3, 4, 5, 6 and 7 in yields of 4%, 3%, 21%, 5% and 11%, respectively.
The molecular formula of 3 was determined as C 15 . These results and HMBC data indicated a planar structure of 3. The stereochemistry of 3 was determined from ROESY data, and the T-A cyclization mechanism as shown in Figure 1 . Compound 3 was identified as gajyutsulactone A [6] . These results and HMBC data indi cated a planar structure. The stereochemistry of 4 was de termined from ROESY data , and the T-A cyclization mechanism as shown in Figure 2 . Compound 4 was identified as a carbrane-type sesquiterpene, curcumenone [5] .
The molecular formula of 5 was determined as C 15 . These results and HMBC data indicated a planar structure. The stereochemistry was determined from the T-A cyclization mechanism as shown in F igure 3. Compound 5 was identified as neoprocurcumenol [16] .
The molecular formula of 6 was determ ined as C 15 Hz)]. Other NMR signals showed that 6 was an isomer of 5 at the double bond po sition. The stereochemistry of 6 was determ ined from ROESY data and the T-A cyclization mechanism as shown in Figure 3 .Compound 6 was identified as procurcumenol [15] .
The molecular formula of 7 was determined as C 17 Thermal treatment of 2 with no solvent at 180°C for 1 h produced 3, 4, 6, 8 and 9 in yields of 6%, 22%, 11%, 3% and 9%, respectively.
The molecular formula of 8 was determ ined as C 15 H 22 O 2 from HR-ESI-MS data, m/z 235.1721 [M+H] + , identical with that of 3. 1 H NMR and 13 C NMR spectra sh owed similar signals to those of 3, but HMBC and ROESY spectra revealed 8 to be a s tereoisomer of 3. Compound 8 was identified as gajyutsulactone B [6] .
The molecular formula of 9 was determ ined as C 15 Other signals were similar to those of 5. Compound 9 was found to be an isomer of 5 at th e double bond position, and identified as isoprocurcumenol [16] .
Treatment of 2 with 3% H 2 SO 4 in MeOH at room temperature gave 5, 10 and 11 in yields of 29, 31 and 13%, respectively.
The molecular formula of 10 was determined as C 16 . These results and HMBC data indicated a planar structure. The s tereochemistry was determined from ROE SY and the T-A cyclization mechanism as shown in Figure 4 . Compound 10 was identified as methyl-zedoarondiol [7] .
The HR-ESI-MS data, m/z 289.1767 [M+Na] + , and NMR d ata showed that 11 was a stereoisomer of 10. The stereochemistry of 11 was determ ined from ROESY data and th e T-A cyclization mechanism. Compound 11, identified as 10 -Omethylisozedoarondiol, was a new compound. Treatment of 2 with H 2 SO 4 in dioxane-water at room temperature gave 5, 12 and 13 in yields of 30%, 8% and 6%, respectively.
The molecular formula of 12 was determined as C 15 data indicated a planar structure. The stereochemistry was determined from ROESY data and the T-A cyclization mechanism. Compound 12 was identified as zedoarondiol [7] .
The HR-ESI-MS data, m/z 275.1614 [M+Na] + , and NMR data showed that 13 was a stereoisomer of 12. Compound 13 was identified with isozedoarondiol [7] . . These results and HMBC data indicated a planar structure. Compound 14 was identified as a tropone derivative isolated previously from Orobanche rapumo-genistae [17] .
The assignments of the 1 H NMR and 13 C NMR signals (shown in the Experimental section) of the products were confirmed by the HMQC, HMBC and COSY spectral data.
Germacrone-4,5-epoxide (2) has two transition states for the T-A cyclization, a cross conformation (cross relationship between the 4,5-epoxy ring and 1(10)-double bond) and a parallel conformation (parallel relationship between the 4,5-epoxy ring and 1(10)-double bond). As shown in Figure 1 , the cross conformation gave the (1S,4S,5S)-isomer (8) , and the parallel conformation the (1R,4S,5S)isomer (3). Figure 2 shows that the parallel conformation gave the secoguaiane-type (1R,5R,10S)-isomer (4) on cleavage of the fivemembered ring after the T-A cyclization. Figure 3 indicated that the parallel conformation gave the (4S,5S)-isomer (5) and (1R,4S,5S)isomer (6 and 9). As shown in Figure 4 , the cross conformation gave the (1S,4S,5S,10S)-isomer (11 and 13) , and the parallel conformation the (1R,4S,5S,10R)-isomer (7, 10 and 12) . These T-A cyclization reactions were carried out in a high regio-and stereoselective manner. In the present study, thermal and acidic treatments of 2 yielded twelve sesquiterpenes ( Figure 5 ). Most of these, 3, 4, 5, 7, 8, 9, 10, 12 and 13, were isolated as natural compounds from various Curcuma plants. These results indicated that the T-A cyclization of 2 plays an important role in the transformation of sesquiterpenes with a ten-membered ring into guaiane and secoguaiane-type sesquiterpenes in Curcuma plants.
Thermal treatment of 2 yielded secoguaiane-type products (3, 4 and 8) and diene-type derivatives (6 and 9). Acidic treatment of 2 yielded diol-type products (10 and 11) and their derivatives ( 7, 12 and 13), and a diene-type derivative (5) . Thus the conversion o f 2 with thermal treatment proceeded through a concer ted T-A cyclization reaction to produce 3, 4, 6, 8 and 9, as shown in Figures  1, 2 , and 3. C onversion of 2 under the acidic conditions also proceeded through a concerted T-A cyclization reaction to give diol and diene-type derivatives, but the diene-type derivatives (6 and 9) were further converted to isomers (5) , as shown in Figure 3 . Acidic treatment of 2 under reflux sh ould give 5, and then 14 through dehydration and migration of the double bond.
Experimental

General experimental procedures:
Melting points were recor ded on a Yan agimoto MP-3 micro-me lting point apparatus and the temperatures were not corrected. 1 H NMR and 13 C NMR data were recorded on a B ruker-AVANCE 700 (700, 175 MHz, respectively) spectrometer using CDCl 3 as the solvent and tetramethylsilane (TMS) as an internal standard . HR-ESI-MS were recorded on a Waters Micromass Q-Tof micro mass spectrometer. Column chromatography was carried out on silicagel 60N (Kanto Chem ical co. ltd.). Analytical and prep arative TLC wa s carried out on precoated Kiesel gel 60F 254 (Merck). Reaction of 2 with AcOH: 200 mg of 2 was dissolved in 3 mL of AcOH and heated at 100°C fo r 1 h. The reaction solution w as poured into ice-water and extracted with AcOEt. The AcOEt solution was washed successively with sa t. NaHCO 3 aqueous solution and water,. The resultant reaction product was purified by preparative TLC to give 3 (8 mg), 4 (6 mg), 5 (42 mg), 6 (10 mg) and 7 (28 mg).
Plant material and isolation of (4S,5S)-germacrone-4,5-epoxide (2):
Reaction of 2 under thermal condition:
150 mg of 2 was heated at 180°C with no solvent for 1 h. The reaction product was purified by preparative TLC to give 3 (9 mg), 4 (33 mg), 5 (17 mg), 8 (5 mg) and 9 (14 mg).
Reaction of 2 with dilute H 2 SO 4 in MeOH:
150 mg of 2 was dissolved into 5 mL of 1% H 2 SO 4 in MeOH an d stirred for 1 h at room temperature. The reaction solution was poured into ice-water and extracted with AcOEt . The AcOEt solution was washed with sat. NaHCO 3 aqueous solution and wate r, successively, before evaporation of the solvent. The AcOEt extract was purif ied by preparative TLC to give 5 (46 mg), 10 (49 mg) and 11 (22 mg).
Reaction of 2 with dilute H 2 SO 4 in dioxin-H 2 O:
150 mg of 2 was dissolved in dioxane (5 mL) and H 2 O (5 mL), to which was added 0.1 mL of conc. H 2 SO 4 . The react ion solution was stirred for 1 h and poured in to ice-water and extracted with AcOEt. The AcOEt solution was washed with sat. aqueous NaHCO 3 solution and water. The AcOEt solution was ev aporated and the residue purified by preparative TLC to give 5 (45 mg), 12 (13 mg) and 13 (10 mg).
Reaction of 2 with H 2 SO 4 in dioxane-H 2 O under reflux:
100 mg of 2 was dissolved in d ioxane (5 mL)-H 2 O (5 mL), to which was added 0.1 mL o f conc. H 2 SO 4 . The reaction solution was reflux ed for 1 h and poured into ice-water and extr acted with AcOEt. The extract was washed with sat. aq ueous NaHCO 3 solution and water. The AcOEt extract was purified by PLC to give 14 (41 mg).
Product 3
Colorless needles (n-hexane). MP: 95-97°C. 1 
Product 10
Colorless prisms (n-hexane). MP: 81-82°C. 1 15 (3H, s, H-14 ). 13 
Product 12
Colorless prisms (AcOEt). MP: 131-132°C. 1 
Product 13
Colorless needles (AcOEt). Mp 147-149°C. 1 
